We have obtained the highest resolution images available of TRAPPIST-1 using the Gemini-South telescope and our speckle imaging camera. Observing at 692 and 883 nm, we reached the diffraction limit of the telescope providing a best resolution of 27 mas or, at the distance of TRAPPIST-1, a spatial resolution of 0.32 AU. Our imaging of the star extends from 0.32 to 14.5 AU. We show that to a high confidence level, we can exclude all possible stellar and brown dwarf companions, indicating that TRAPPIST-1 is a single star.
Introduction
Recently, a near-by, ultra-cool dwarf was observed and discovered to host at least three transiting Earth-sized planets in short orbital periods. The discovery of planets transiting TRAPPIST-1 (2MASS J23062928-0502285) by Gillon et al. (2016) has sent exoplanet scientists into a frenzy of follow-up studies and new theoretical investigations. The closeness of TRAPPIST-1 (12 pc; Costa et al., 2006) and its infrared brightness (K=10) are very exciting to observers, allowing the opportunity to fully study the M8V host star as well as the planets. Indeed, de Wit et al. (2016) have already performed the first investigation of atmospheric characterization invoking a favorable alignment of the two inner planets, using the Hubble Space Telescope to perform transmission spectroscopy.
Given the small distance to TRAPPIST-1, the star itself has a relatively large proper motion and as such the current sky position of the dwarf star can be searched in detail in archival images to find or rule out any possible confounding background sources possibly producing or affecting the transits. Similarly, a widely-separated, common proper motion star can be searched for and detected as well, that is a star seen to move in step with TRAPPIST-1. No such background or common motion stars have been found ).
As with all exoplanet host stars, high-resolution imaging is one of the key steps in validation, ruling out spatially close, usually bound fainter companions. These companions are difficult to impossible to find through spectroscopic means as they have orbital periods of hundreds to thousands of days and are often too faint to be revealed in a (single) spectrum (see Teske et al., 2015) . Our team has been investigating the nature of exoplanet host stars in part to validate their planets as well as to study the stars in their own right to understand the binarity of exoplanet hosts (Howell et al., 2011; Horch et al., 2012 Horch et al., , 2014 Ciardi et al., 2015; Furlan et al., 2016) We have especially targeted stars hosting small, -4 -rocky planets essentially impossible to observationally validate in any other manner.
We present herein the first high-resolution speckle imaging of TRAPPIST-1 obtained in order to discover or rule out a close, bound stellar companion hiding within the system. Given the range of orbital periods found for the planets (1.5 to <100 days), a companion star would need to orbit farther out from the M8V host star to ensure the stability of the planetary system. An as yet unknown bound star would be lower in luminosity and have an angular separation and relative magnitude rendering it undetected in the reported TRAPPIST-1 observations.
Observations
We observed TRAPPIST-1 using our visiting Differential Speckle Survey Instrument (DSSI) speckle camera mounted on the 8-m Gemini-South Telescope. TRAPPIST-1 is a M8V star with V =18.8, R=16.5, I=14.0 and J=11.4 (Costa et al., 2006) . DSSI is a dual-channel, fast readout imager providing a 2.8 arcsec field of view and simultaneous images in two different bands. DSSI as used at the Gemini-North telescope is discussed in Horch et al. (2012) and our observations at Gemini-South proceeded in a similar manner. Fig. 1 ). At the distance of TRAPPIST-1 these angular dimensions convert to the radial dimensions of 0.32 to 14.5 AU and correspond to approximate orbital periods of ∼215 days to ∼200 years, assuming a host star mass of 0.08M ⊙ . At farther distances, >1.2 arcsec, a ground-based image with 0.5 arcsec or so seeing could detect most companions. Thus, our images set strict limits on the lack of bound companions interior to regions of the sky amenable to seeing-limited images and outside typical casual and existing RV detection.
Discussion
We know from Gillon et al. (2016) based on the high proper motion of TRAPPIST-1, that no unbound, background star exists at the current sky position that might be the -6 -cause of the transit-like events detected, and the multi-planet nature of this system provides additional assurance that the planets are real (Rowe et al., 2014) . However, there is the possibility of a bound, low mass companion star to TRAPPIST-1. Such a companion of equal or lower mass and luminosity would need to orbit with a period of at least ∼3.5 times that of the outermost planet in order to maintain planet stability (Holman and Wiegert, 1999) . Note, the presence of such a companion would not invalidate the transit events as being due to planets but would suggest that their actual radii are larger than that implied by the measured transit depths seen in the light curve (see Ciardi et al., 2015; Hirsch et al., 2016) . Given the outermost planet's (TRAPPIST-1d) longest possible and most likely orbital periods (72 and 18 days; Gillon et al. 2016) , the stability criteria requires that no stellar mass object can be in a circular orbit with a period of less than about 60-250 days or approximately an orbital semi-major axis of 0.1-0.4 AU. Winters et al. (2015) present both photometric and trigonometric distances for TRAPPIST-1. A comparison of these two measurements can indicate whether the star is over-luminous for its type, that is, if there is an near-equal magnitude companion present. The two reported distances agree: 11.6±1.8 pc for the photometric distance and 12.1±0.4 pc for the parallax distance. Therefore, TRAPPIST-1 is not over-luminous for its parallax distance and we can use this fact to say that no similarly bright (delta of ∼1 mag) companion exists at any separation. Spectroscopic measurements at ∼6 km/sec for TRAPPIST-1 (Reiners & Basri 2010) also rule out an equal-luminosity companion with a separation smaller than ∼1 AU. In addition, Barnes et al. (2014) performed a radial velocity search for exoplanets of 15 M5-M9 dwarfs, including TRAPPIST-1. While their sensitivity was not able to detect planets, they did set constraints on stellar mass companions at close in separations. These existing RV measurements can be used to rule out stellar mass companions (∼0.03-0.08M ⊙ ) interior to ∼0.1-0.15 AU, near the inner separation probed by our speckle measurements.
-7 -Our high resolution 883 nm speckle image of TRAPPIST-1 reveals that no additional stellar flux sources are present near and within the system to a contrast limit of 5.5 magnitudes covering 0.32 AU out to 14.5 AU. Figure 3 presents our 5σ detection likelihood as a function of projected (physical) separation. The curve on the plot is based on the delta magnitude observed (Fig. 2, bottom panel) , assumes companions have circular orbits (although eccentricities of even 0.5-0.8 do not make much of a difference), and takes into account any unfortunate timing our observations might have whereby we'd miss being able to resolve a companion star due to its orbital alignment during our observations. The inner angular separation of TRAPPIST-1 resolved in our image from the 8-m Gemini-South telescope is the diffraction limit of 0.027 arcsec or 0.32 AU. This limit corresponds to an orbital period of ∼215 days for any possible low-mass companion. The outer limit of 1.2 arcsec (14.5 AU) is distant enough that any companion beyond this limit would be detectable in deep, seeing-limited imaging as a common proper motion star.
TRAPPIST-1 has absolute magnitudes of M V ∼+18.3 and M z ∼13.2, the latter value calculated from the data presented in Hawley et al., (2002) . Since our 883 nm filter sits in the blue end of the SDSS z band, delta magnitude values observed by us will have approximately the same relative differences as ∆M z values for known stars and brown dwarfs (Dahn et al., 2002; Galicher et al., 2014) . Over half of our imaged separations, we observed no additional flux to ∼5.5 magnitudes fainter than TRAPPIST-1 itself, thus, all other main sequence stars, all other L-type brown dwarfs, and all T-type brown dwarfs to about T7 are ruled out down to M z ∼18. Inside of ∼8 AU, our contrast drops and we can only fully eliminate companions of T6 to L5 respectively as indicated on Figure 3 .
Our high-resolution images have shown that over a significant portion of the imaged volume, TRAPPIST-1 is a single host star containing no other bound orbiting stellar mass or L-type brown dwarf mass companions residing within the system from 0.32 to 14.5 AU.
-8 -Using our detection percentage inside of 8 AU and the photometric and RV constraints mentioned above, a mid to late T-dwarf (T3-8) companion still remains slightly possible.
However, even if such a low luminosity source exists, its effect on the planet transit depth (and thus planet radii) will be negligible (see Ciardi et al., 2015) .
Summary
We have presented the highest resolution 692 nm and 883 nm images available of TRAPPIST-1. Our images cover the spatial range of 27 mas to 1.2 arcsec, corresponding to distances of 0.32 to 14.5 AU at the location of the star. The depth of our 883 nm image eliminates essentially all possible companions to TRAPPIST-1. Taken together with previous photometric and RV results, we can eliminate at high confidence, essentially all close companions orbiting the host star. Therefore, we find TRAPPIST-1 to be a single star.
Detailed photometry and a search for additional smaller planets transiting TRAPPIST-1 will be provided by the NASA K2 mission 1 . K2 will observe TRAPPIST-1 in its Campaign 12 observations covering the time period 15 December 2016 to 4 March 2017. The resulting data and light curves will be made public immediately and be of high interest to the exoplanet community. In the near future, GAIA should provide a definitive result to completely rule out stellar companions with orbits up to a few years.
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